We propose a new multi-microphone noise reduction technique for binaural cue preservation of the desired source and the interferers. This method is based on the linearly constrained minimum variance (LCMV) framework, where the constraints are used for the binaural cue preservation of the desired source and of multiple interferers. In this framework there is a trade-off between noise reduction and binaural cue preservation. The more constraints the LCMV uses for preserving binaural cues, the less degrees of freedom can be used for noise suppression. The recently presented binaural LCMV (BLCMV) method and the optimal BLCMV (OBLCMV) method require two constraints per interferer and introduce an additional interference rejection parameter. This unnecessarily reduces the degrees of freedom, available for noise reduction, and negatively influences the trade-off between noise reduction and binaural cue preservation. With the proposed method, binaural cue preservation is obtained using just a single constraint per interferer without the need of an interference rejection parameter. The proposed method can simultaneously achieve noise reduction and perfect binaural cue preservation of more than twice as many interferers as the BLCMV, while the OBLCMV can preserve the binaural cues of only one interferer.
INTRODUCTION
Multi-microphone noise reduction [1, 2] is of significant importance for hearing aids. The availability of multiple microphones per hearing aid results in potentially more noise suppression and a better speech intelligibility [3] , than with single-channel algorithms, e.g. [4] . Apart from noise suppression, it is also important to preserve the binaural cues of both desired and noise sources. A binaural hearingaid system consists of two collaborative hearing aids, usually with multiple microphones each. The collaboration between the hearing aids can be exploited to preserve the binaural cues and increase the amount of noise suppression.
A popular multi-microphone noise reduction technique is the multi-microphone extension of the Wiener filter [5] , also known as the multi-channel Wiener filter (MWF) [6] . In [7] , it was shown that the MWF perfectly preserves the binaural cues of the desired source, but distorts the ones of the interferers. Several multi-microphone noise reduction techniques that aim at simultaneous noise reduction and binaural cue preservation have been proposed in the literature [7] [8] [9] [10] [11] [12] . Binaural cues are defined by the interaural level differences (ILDs) and the interaural time differences (ITDs) [8] .
In [10] , a variation of the MWF is proposed, which preserves the ITDs and ILDs of the desired source, but only partially preserves binaural cues of the interferers [8, 10] . More specifically, the method uses a trade-off parameter, which allows a portion of the noise to remain unprocessed in the final enhanced signal by mixing in a portion of the original noisy signal. The larger the portion of the unprocessed noise is, the better the ITD and ILD preservation, but the less noise reduction.
The binaural linearly constrained minimum variance (BLCMV) method [11] preserves the ITDs and ILDs of the desired source as well as multiple interferers. BLCMV consists of two beamformers, one for each hearing aid, that reproduce the desired signal as received by the reference microphones in each hearing aid by minimizing the noise power. Binaural cue preservation of interferers is obtained by placing constraints on the acoustic transfer functions (ATFs) of the interferers using a fixed interference rejection parameter which controls the amount of noise reduction. This implies that two constraints are needed for each interferer for which the binaural cues are to be preserved, i.e., a constraint for the right hearing aid and a constraint for the left hearing aid.
The optimal BLCMV (OBLCMV) [12] optimizes the interference rejection parameter, with respect to the binaural output SNR, leading to better noise reduction. However, in contrast to the BLCMV, this method can only preserve the ILDs and ITDs of the desired source and one interferer. Both the BLCMV and OBLCMV consist of two LCMV-based optimization problems using the recordings of all microphones of both hearing aids.
Both the BLCMV and OBLCMV depend on the interference rejection parameter and can simultaneously achieve noise reduction and binaural cue preservation of M − 2 and 1 interferers, respectively, where M is the total number of microphones of both hearing aids. Both algorithms are characterized by the fact that for each interferer for which binaural cues are to be preserved, two constraints are introduced. As we show, this unnecessarily reduces the degrees of freedom, for noise reduction, in the optimization problem.
In this paper we present a different LCMV-based approach, where the degrees of freedom available for noise reduction is increased by spending only one constraint per interferer. As a result, the proposed method does not depend on the interference rejection parameter. The proposed method can simultaneously achieve noise reduction and binaural cue preservation of up to 2M − 3 interferers. The proposed algorithm has two advantages: a) more degrees of freedom, resulting in more sources for which binaural cues can be preserved and b) no need to predefine or optimize an additional interference rejection parameter.
SIGNAL MODEL AND NOTATION
The collaborating hearing aids are assumed to consist of M = M L + MR microphones in total, where ML and MR are the number of microphones of the left and right hearing aid, respectively. Without loss of generality, we assume ML = MR. In this paper the signals are processed on a frame-by-frame basis in the frequency domain. However, time-frame indices are neglected for notational convenience. Further, let ω denote the frequency variable. The Melement microphone array acquires the emitted sounds from one desired source, S(ω), and r interferers, U i(ω), i = 1, · · · , r, each placed at a potentially different location. Let Xj(ω) = Aj(ω)S(ω) and Nij(ω) = Bij(ω)Ui(ω) be the received desired source and received i-th interferer, respectively, at the j-th microphone with Aj(ω) and Bij(ω) being the corresponding ATFs. The j-th microphone Fourier coefficient, Yj(ω), is given by
where Vj(ω) is additive uncorrelated noise. In the remainder of the paper, the frequency variable, ω, is omitted to simplify the notation. Using a stacked vector notation, i.e.,
T , Eq. (1) can be written as
where X, Ni and V are the vector representations of the Xj, Nij, Vj (for j = 1, · · · , M) components, respectively. Note that X = AS and Ni = BiUi, where A ∈ C M ×1 and Bi ∈ C M ×1 denote the vectors containing the ATFs of the desired source and the i-th interferer, respectively. Note also that the cross power spectral density (CPSD) matrix of X is given by
where PS = E |S| 2 is the power spectral density (PSD) of S. Similarly, the CPSD matrix of Ni is given by
where PU i = E |Ui| 2 is the PSD of Ui. Without loss of generality, we assume that Vj(ω) is spatially uncorrelated white Gaussian noise (WGN) with variance σ 2 j , and σj = σ > 0, for j = 1, · · · , M. Therefore, the CPSD matrix of V is given by
where I ∈ R M ×M is the identity matrix. Assuming that all sources and the additive uncorrelated noise are mutually uncorrelated, the CPSD matrix of Y is given by
where P is the CPSD matrix of all disturbances and is of full rank.
PROBLEM STATEMENT
Let us denote the first and M -th microphone as the reference microphones for the left and right hearing aid, respectively. Hence,
are the reference Fourier coefficients of the left hearing aid. Similarly, the corresponding reference Fourier coefficients of the right hearing aid are denoted with subscript R. Binaural beamforming can now be formulated by having two different spatial filters,ŵL andŵR, applied to the left and right hearing aid, respectively. Each filter produces a different output given bŷ
LCMV
As the proposed method is based on the LCMV framework, we briefly summarize its main aspects. The LCMV problem is given by [13, 14] 
where the constraint matrix Λ ∈ C M ×d and d is the number of constraints. In Secs. 3.2, 3.3 and 4,ŵ denotesŵL orŵR or the concatenation of these two (the actual meaning ofŵ is clear from the context). Without loss of generality, we assume that Λ has full rank. There are then three interesting cases:
1. If d < M, the feasible set {w : Λ H w = f } has infinitely many solutions and the problem of Eq. (8) has a closed-form solution given by [14] 
Note that in this case there are M − d degrees of freedom left for noise reduction.
2. If d = M , the feasible set has one unique solution given bŷ
In this case, there are no degrees of freedom left and, thus,ŵ is unable to control the suppression of noise.
3. If d > M, the feasible set is empty and the problem of Eq. (8) cannot be solved.
Therefore, in order to achieve noise reduction, the matrix Λ has to be "tall" (i.e., d < M). Generally, the larger M − d, the more degrees of freedom can be devoted to noise reduction.
BLCMV
BLCMV [11] aims to preserve the binaural cues of the desired source and b (b ≤ r) interferers, where r is the number of all present interferers (see Sec. 2). It estimates w H L and w H R by solving two independent LCMV optimization problems; one for each hearing aid. The LCMV problem of the left hearing aid is given bŷ
The LCMV problem of the right hearing aid has a similar form. In both LCMV problems, the constraints w preserve the binaural cues of the b interferers. ηL and ηR are predefined (ηL, ηR < 1) real-valued interference rejection parameters, which control the noise reduction of the interferers. A necessary condition for binaural cue preservation of the interferers is η = ηL = ηR [12] . Eq. (11) can be reformulated compactly aŝ
where
As explained in Sec. 3.1, Λ should be "tall" (M > b + 1) to allow noise reduction. The least "tall" Λ has dimensions M ×(M −1), where one of the columns is dedicated to the desired source. Therefore, the maximum number of columns that can be dedicated to binaural cue preservation of interferers is M − 2. Consequently, BLCMV can simultaneously achieve noise suppression and binaural cue preservation of at most b max = M − 2 interferers.
OBLCMV
OBLCMV can preserve the binaural cues of the desired source and only one interferer (i.e., bmax = 1), say, the k-th interferer, where k ∈ {1, . . . , r}. Consequently, OBLCMV solves the two LCMV problems of BLCMV where Λ and f
and f
Unlike BLCMV, in OBLCMV ηL and ηR are complex-valued. OBLCMV estimates η = ηL = ηR such that the binaural output SNR (defined in Sec. 5.2.2) is maximized. Note also that the matrix Λ has dimensions M × 2 and, therefore, there are M − 2 degrees of freedom left that can be devoted to noise reduction.
PROPOSED METHOD
Instead of solving the problem of Eq. (11) and the corresponding problem for the right hearing aid separately, the proposed method has the advantage of solving them jointly, without the need to introduce η L and ηR. Preserving binaural cues of the i-th interferer implies that the following constraint has to be satisfied
which can be reformulated as:
By using this unified constraint, the total number of constraints dedicated to binaural cue preservation of interferers is reduced by a factor of 2 (compared to (O)BLCMV). Therefore, for a given number of interferers, more degrees of freedom can be devoted to noise reduction. The proposed method thus solves the following problem
The above problem can then be written aŝ
and
where Λ ∈ C 2M ×(2+b) . As explained in Sec. 3.1, if matrix Λ is "tall" (i.e., 2M > 2 + b), the proposed method can, simultaneously, achieve noise reduction and binaural cue preservation of up to bmax = 2M − 3 interferers. For instance, if M = 4, the proposed method can achieve noise reduction and preserve the binaural cues of bmax = 2M − 3 = 5 interferers, while BLCMV can preserve the binaural cues of only bmax = M − 2 = 2 interferers, and OBLCMV can preserve the binaural cues of bmax = 1 interferer.
EXPERIMENTS
We compare the proposed method with BLCMV and OBLCMV in simulation experiments using a target speech signal degraded by several additive point noise sources. We study performance in terms of noise reduction and binaural cue preservation as a function of simultaneously present interferers. Fig. 1(a) shows the top-view of the experimental setup. Two virtual hearing aids ('+') are used. The center of the head is at the origin, (0, 0). Each hearing aid consists of a linear array (in the direction of the y-axis) of two omnidirectional microphones (i.e., M L = MR = 2) having a distance of 1.2 cm. The distance between the two hearing aids is 20 cm. There is one desired talker at 135 degrees, denoted by 'o'. Experiments are performed as a function of the number, r (1 ≤ r ≤ 5), of simultaneously present interferers. Two of the interferers are speech shaped white noise (at 15 and 105 degrees) denoted by and three are WGN sources (at 45, 75, 165 degrees) denoted by 'x' markers. In Fig. 1(a) , next to each interferer, a set of r-values is indicated. For instance, the interferer with the set {4, 5} is present for r = 4, 5. All sources have a duration of 24 seconds and are located 1 m from the origin. In this initial work, we ignore the presence of the head of the user, i.e., we consider a free-field and near-field acoustic situation.
Experiment Setup
To model microphone self noise, WGN is added to each microphone at an SNR of 50 dB with respect to the desired source measured at the microphones. The total average binaural input SNR (defined in Sec. 5.2.2) for r = 1, . . . , 5 is −9.1, −18.9, −21.4, −21.9, −23.3 dB, respectively. The sampling frequency is 16 kHz. The enhancement is performed using the overlap-andadd analysis/synthesis method [15] with 50% overlap and using a square-root-Hann window for analysis and synthesis. Matrix P is calculated from the true ATFs of the r interferers and the estimated PSDs, using Welch's method, of all disturbances. Note that each of the three compared methods has a different bmax. All methods are tested using b = bmax, if bmax ≤ r, otherwise, they are tested using b = r. The BLCMV algorithm is tested for η = 0.1 and 0.001. The former value was used in [11] in order to mitigate possible artifacts from estimation inaccuracies. In the present paper, we also tested the latter value which enables BLCMV to achieve even higher noise reduction and better ILD preservation than with η = 0.1.
Performance Evaluation
In this section we specify the used performance measures, which are based on [8, 12] . These measures are averaged over all frequency bins and frames. Moreover, ITD and ILD errors are averaged over all present interferers. 
ITFs, ITDs & ILDs
The input and output interaural transfer functions (ITFs) of the desired source are given by [8] 
The input and output interaural time differences (ITDs) are defined as the phases of the input and output ITFs, respectively. That is,
Preservation of binaural cues implies
Note that ITF in X = ITF out X , implies preservation of the ILDs and ITDs. The preservation errors of the ILDs and ITDs are given by
where ERITD X ∈ [0, 1]. Similar expressions can be defined for each interferer by replacing X with Ni, S with Ui and A with Bi.
SNR measures
The binaural input SNR is defined as [12] 
The binaural SNR gain is then defined as
Results of Experiments
The proposed algorithm and reference algorithms are compared with respect to the average binaural SNR gain ( Fig. 1 (b) ), average ILD errors ( Fig. 1(c) ) and average ITD errors ( Fig. 1(d) ) as a function of the number of the present interferers, r. Note that all methods preserve the ILD and ITD of the desired source, since the two constraints, w As was stated in Secs. 3 and 4, the proposed method can simultaneously perform noise suppression and preserve the binaural cues of a maximum 2M − 3 interferers, while the BLCMV and OBLCMV algorithms preserve the binaural cues of up to only M −2 and 1 interferer, respectively. It is clear from the results in Figs. 1(b) , (c) and (d) that with M = 4 microphones, the proposed method is capable of preserving the binaural cues of 2M − 3 = 5 interferers and achieve noise reduction, while the BLCMV and OBLCMV can preserve the binaural cues of only M − 2 = 2 and 1 interferers, respectively. The noise reduction performance (see Fig. 1(b) ) of the proposed method and BLCMV for η = 0.001 is similar, while OBLCMV achieves slightly better noise reduction for r > 3.
CONCLUSION
A new multi-microphone LCMV-based noise reduction technique is proposed, which jointly estimates the left and right beamformers of the two hearing aids. We showed that the proposed approach can simultaneously perform noise suppression and preserve the binaural cues of 2M −3 interferers. This means that, unlike existing methods, the proposed method can preserve the binaural cues of more interferers than the number of microphones, while still achieving some noise reduction. Notice that a similar strategy to preserve the binaural cues in combination with a MWF has been proposed in [16] upon submission of the current paper.
